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ABSTRACT 

A aariaa of lov- speed wind tanaal taata oa a 
70-dagraa ahaxp laading-adgad dalta viag at both 
atatie aad dynamic ooaditioaa vara parforaad to 
investigate tha aerodynamic forcaa aad aoaanta. 
Foxeaa aad aoaanta vara obtainad froa a air com- 
poaaat iataraal strain gaaga balaaoa. Static 
reaalta ooaparad vail vith tha praviov* experimea- 
tal fiadiaga. Larga aaplitnda dyaaaie aotioa vaa 
prodocad by aiaaaoidally oscillating tha aodal orar 
a raaga of radaead f raqoaoc ia s . Snbatantial forca 
and aoaaat overshoots, a delay in dyaaaie stall, 
aad hystaraais loopa batvaaa tha valves of 
aerodyaaalc loads in vpstroke and dovnatroke aotioa 
vara observed, all of vhich vara strong fvactioas 
of tha radaead frequency. Tha aarodynaaie forces 
aad aoaanta vara iaflveaced by tha Reynolds aaabar. 
Asyaaatrical vortex bmrstiag prodvead by aoa-zaro 
sideslip angle exeatad a eoaplex rolling aoaaat 
variatioaa vith angle of attaek. 

NOMENCLATURE 

C^ Lift Coaffieient 

Cjj Drag Coafficieat 

Cj Rolling Moaaat Coaffieient 

Pitehiag Moaaat Coaffieient 

C^ Noraal Forea Coaffieient 

Variation of Noraal Force Coaffieient 

* fl 

vith Angle of Attaek (/dag) 

C, Variation of Lift Coaffieient vith Angle 

Lt, a 

of Attaek (/dag) 

Cj Variation of Drag Coaffieient vith Angle 

of Attaek (/deg) 

C Variation of Pitching aoaaat Coaffieient 

■*o 

vith Angle of Attaek (/dag) 

C, Variation of Rolling aonent Coaffieient 

1 # Cl 

vith Angle of Attaek (/dag) 


a 

Gradvata Resaareh Aasistant, Dapartaant of 
Aeronautical and Astroaavtieal Eaginaariag. 

Menber ALAA 

>• 

Aasoelata Professor, Dapartaant of Aaronantieal 
and Astronaut ical Engineering, Senior Maabax 
ALAA. 

* Aerospace Engineer, Flight Dynaaics Branch, 

Maabax ALAA. 


C Wing Root Chord (ft) 

U" Tunnel Spaad (ft/aee) 

K Reduced Frequency 2nFC/U s 

F Frequency (Hz) 

R fl Reynolds Number Based on tha Root Chord 

a Angle of Attaek (dag) 

P Sideslip Angle (dag) 

A Wing Svaap 

I. INTRODUCTION 

Since tha early uaa of aircraft in ooabat, a 
eonaistent deaand for extending the flight bound- 
aries and for greater aaneuvarabllity have played a 
aajor role in tha design of fighter airplanes [1- 
4], Increased aanavvarabil ity requires flight 
through tha high angle of attaek xagina vhieh has 
proven to be of great advantage in tha dog fight 
arenatl]. Aa a result, current and future fighter 
uireraft design trends are in favor of abandoning 
angle of attaek liaitations in lov-speed flight 
[4.3], Poststall situations asually oeeur under 
dynanie conditions vhan tha aircraft is pitched 
rapidly through tha angle of attaek for statie 
stall, and vail beyond. 

A first step tovard achieving the afoxenen- 
tionad goals vas tha nsa of highly svept, slender, 
sharp laading-edge dalta vings. The lift producing 
aeehanisn of these vings is different than that of 
other vings, mainly due to tha fomation of a pair 
of strong vortieas at noderate to high angles of 
attaek on tha ving suetion side. Their sharp 
leading edge prevents tha approaching flov from 
remaining attaehed to tha surface, as it does in 
tha vicinity of round edges. Thus separation 
oceurs, and results in the loss of leading-edge 
aaetion, a phenomenon vhieh eontribates greatly to 
the lift of tvo-dimena tonal airfoils [d,7] . This, 
along vith their inherent lov aapeet ratio, results 
in lov lift to drag ratios at sabsonle speed, thus 
produeing poor performance in this flight regime, 
■ovevex their extensive svaap angle provides 
favorable drag characteristics at high speed making 
supersonic flight praetleal (11. 

Numerous subsonic exper imental/theoretieal 
studies' have shova that the flov field around delta 
vings in steady flight at moderate to high angles 
of attaek is dominated by a pair of spiral leading 
edge vortieea (7-23]. These vertices indues addi- 
tional velocities on the suction side of the viag, 
producing additional lift vhieh it referred to as 
'vortex lift* (1-9,24-23]. Vortex lift grove noa- 
liaearly vith iaereased incidence, aad dspeadiag oa 
the leading-edge sveep angle, may account fox a 
large portion of the lift. Static experimental 
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results of references 8 and 9 show that for a 75 
degree leading-edge sveep delta wing, wortez lift 
aaonnts to 50% of the total lift. These vortices 
are stable over a wide range of angle of attach, np 
to 30 degrees for a leading-edge sweep of 70 de- 
grees, therefore, producing high lift at high 
incidence. 

Considerable experiaental/theoretical reaearch 
has focnsed on understanding the wortez bursting 
phenomenon and its aerodynaaic effeots on high 
perforaance aircraft. These sudden changes of the 
structure of the wortez core have a strong in- 
fluence on the aircraft stability. Then the 
aircraft is yawed, these wortices will burst asym- 
metrically over the wing causing changes in the 
lateral-directional stability [14-15.26-27]. 

Previous results obtained froa studies of 
three-diaensional oscillating aodela indicate a 
different flow structure over the upper surface of 
the wing between the up and downstrohe notions 
[6,28-34]. It has been suggested [6,29] that 
Increasing the oscillation^ frequency will widen the 
hysteresis loop, a phenoaenon caused by the lag in 
flow separation and reattachaent due to the fast 
variation of the angle of attack. Studies which 
atteapt to predict or ezper inentally aeasure the 
aerodynaaic advantages or disadvantages associated 
with dynaaic flow over three-diaensional lifting 
surfaces have not been eztensive. Due to current 
eaphasis on superaaneuverabil ity at high incidence 
for the future generation of high perforaance 
aircraft, an understanding of the dynaaio 
aerodynaaic effects are essential. 

A series of low-speed wind tunnel tests on a 
70 degree sharp leading-edge delta wing aodel with 
and without a fuselage were conducted. These 
investigations were performed to find the effeot of 
large saplitude dynaaic aotion on longitudinal and 
lateral forces and aoaents. Tests inoluded oscil- 
lating the delta wing aodel in pitch at several 
sideslip angles to ezplore the effect of asyaaetrie 
wortez bursting on aodel forces and aoaents. 

IT. ETPEE I MENTAL PROCEDURE 

The ezperiaents were conducted in the subsonic 
wind tunnel of The Ohio State University located at 
the Aeronautical and Astronaut leal Research 
Laboratory (OSU/AARL) . The tunnel test seotion is 
approzinately five feet vide, three feet high, and 
eight feet long, and operates at speeds froa 0 to 

220 ft/sec at Reynolds auaber of up to 1.3*10* per 
foot. The tunnel is of open return type and uses 
four large anti- turbulence screens and honeyeoab to 
attain a low turbulent intensity through the teat 
section [35] . 

Models 

Two different aodels were used to perfora 
these ezperiaents. One which reseables a generic 
fighter aodel, consists of a very si^le cylindri- 
cal fuselage on which a auaber of different 
forebodies can be aouated. The fuselage has a 
diaaeter Just large enough to acooaaodate the siz 
coaponent Internal strain gauge balance and the 
necessary attachaent hardware. The fuselage is 
eoabiaed with a 70-degree sharp leading-edge delta 
wing with a one- foot span, a tail cone, and a sharp 
wooden circular cross section nose with a fineness 
ratio (1/d) of 1.5. A fiberglass skin was used 
over a carbon fiber reinforced foaa core. A sketch 
of this aodel is shown in figure 1. 


The second aodel was a aiaple flat plate delta 
wing of 70 degree leading-edge sveep, a 20.61 inch 
root chord and a 15 inoh span at the trailing edge. 
The wing was constructed of 1/2 inch thick plywood 
(.024 thickness to chord ratio) and had sharp 
beveled leading and trailing edges. A pod large 
enough to house the balance and necessary hardware 
was attached under the wing. A drawing of the 
aodel used in this investigation is shown in figure 
2 . 

Oscillation System 

A system was designed to pitch the aodels 
through large amplitude oscillations. This ap- 
paratus is shown in figure 3. The oscillation 
system uses a belt and pulley arrangement to obtain 
oscillation frequencies of 0 to 2.3 hertz. The 
last pulley in the system drives a cam which 
produces a sinusoidal pitching aotion of the aodel 
froa 0 to 55 degrees angle of attack. The present 
systea also allows sinusoidal pitching aotion at 
steady sideslip angles to *15 degrees la iaoreaents 
of 5 degrees. A potentiometer aounted on the arm 
of the oscillation systea provides the instan- 
taneous angle of attack of the aodel. The delta 
wing nodal was pitched about the 57 percent root 
chord location while the pitch azes for the generic 
fighter was at the 39 percent root chord location. 
The Z-location of the pitoh azis was about 3.12 
inches below the wing chord line for both nodels. 
Figure 4 shows the aeasured sinusoidal variation of 
angle of attack with tine at different frequencies. 

Velocity Measurement 

A hot-wire probe was used in conjunction with 
the pressure transducers to accurately determine 
the freestreaa velocity variations during static 
and pitching oscillation. The hot wire probe was 
placed in the center of the tunnel test section and 
at one chord length npatreaa of the model. The 
results from the hot wire data and those of the 
pressure transducers were in excellent agreement 
for all the reduced frequencies tested. 

Force Measurement 

Force measurements were made using a six- 
component internal strain gangs balance on loan 
froa NASA Langley Research Center. The balance was 
statically calibrated at the 0SD/AARL. The 
calibration results are in good agreement with 
earlier calibration of the balanoe provided by NASA 
Langley. 

Hu himaiit 

There are two types of forces and moments 
acting on the balanoe when the aodel is oscillating 
in the wind tunnel for the wind-off tests. The 
first are the gravitational loads due to the aodel 
and balance weight which are functions of the angle 
of attack. The second are the Inertial forces and 
aoaents produced by the aoaents of inertia of the 
oscillating aodel and balance. Both of these 
forces and aoaents must bo aeasured and subtracted 
froa the wind-on data [42] . 

The aagnitude of aodel, wind-off loads were 
calculated in a straightforward aanner based on 
geometry and oscillation frequency. Froa ex- 
perimental measurements it was found that the 
internal strain gauge balanoe itself made a con- 
siderable contribution to these tares. After 
rcaoving the balanoe alone tares froa those of the 
balance with aodel installed, the calculated tares 
coapared very well with the aeasured ones. These 
comparisons indicated that the effect of the sur- 
rounding still air on the aodel as it oscillates. 
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wind off. it negligible. Theae taret were fit for 
each eate at a function of angle of attack nting a 
polynomial and later were tubtracted froa the 
neatured loada. 

Data Aconitltlon And Reduction 

The data acquisition ayatea need in thia 
inveatigation waa developed at the OSU/AARL. Data 
were taken and rednead on an Ql PC/AT. The IBM it 
•quipped with a 12 bit li channel Analog to Digital 
board capable of a taaple rate of 27 .3 KHz. For 
thia experiment 10 ehannela of data were aeaaured: 
6 for balance data. 1 for potentiometer input. 2 
for tunnel apeed. and 1 hot film channel. Figure S 
ahowa the complete aet-up for theae experimental 
atudiea. 

Dynamic data presented in thia paper are an 
average of aeveral cycler at a aample rate baaed on 
the reduced frequencies. Data were taken and 
reduced on the IBM PC/AT and uploaded to the main 
laboratory computer. The data were then digital 
filtered and plotted aa a function of time and or 
angla of attack. Figure 6 compares the digital and 
analog filtered normal force data with the unfil- 
tered ease. The digital filtsred data more 
accurately represent the measured forces and are 
used to present the data in thia report. 

Aerodynamic forces and momenta were measured 
at the balance moment center and have been trans- 
ferred to the 23% wing root chord station. All 
momenta were nondimenaionsl ized with respect to 2/3 
wing root chord. Longitudinal forces and momenta 
are in the wind axis system and lateral-directional 
forces and moments are in the body axis system 
1361 . 

Blockage corrections at small angle of attack 
were determined by the method of reference 3d and 
were found to be small. In addition raference 33 
suggests that blockage ratios of leas than 7% can 
usually be considered negligible. The blockage 
ratio for this inveatigation was d%. Thus no 
correction has been applied to the data. 


III. BESPLTS AW) DISCUSSION 

The purpose of thia experimental investigation 
was to study the effect of large amplitude motioma. 
at high angles of attack, on the aerodynamic 
characteristics of three dimensional lifting sur- 
faces. In these experiments the aerodynamic forcea 
and moments of a 70 degree sharp leading-edge delta 
wing, undergoing simple sinusoidal motion at 
various Reynolds numbers and reduced frequencies, 
ware measured using a six-component internal atrain 
gauge balance. Both models were first tested under 
static conditiona to compare with other wind tunnel 
results. Delta wing model static data are examined 
first, followed by the dynamic results. 

smic lull 

The variation of longitudinal forces and 
moments of the delts wing model with angle of 
attack, at zero sideslip sngle snd st several 
Reynolds numbers ars szanined first. The effect of 
sideslip variations on the serodynamlc characteris- 
tics of the model st a constant Reynolds number are 
then studied end are compared with the zero sides- 
lip dsta. The present zero sideslip results are 
compared, where possible, with the previous find- 
ings of [8.10] and the theoretical data of [241. 
The data for each angle are an average of several 
hundred samples over a period of K^-13 seconds. 


Reynolds number affect : The static variation of 
normal force coefficient with angle of attack for 

the chord Reynolds numbsrs of 1*10^ to 1.97*10^ is 
shown in figurs 7. The nonlinear variation of 
normal force with increasing angle of attack for 
all the Reynolds numbers tested it clsar. From 
figure 7. it is evident that inereaalng Reynolds 
numbers will decrease the maximum normal force. It 
has been suggested that inereaalng the Reynolds 
number will move the boundary layer transition 
forward [17,201. thus causing the reduction in 
normal force. 

Figure 8 shows the static variation of the 
lift coefficient with angle of attaok at the 
aforementioned root ehord Reynolds numbers. Again 
the nonlinearity in lift with the angle of attack 
is quits dear. Thia nonlinearity is a rssult of 
the coupling of the potential flow at low angle of 
attack with the vortex lift generated by the delta 
wing geometry at moderate to high incidence. This 
phenomenon is clear from figure 8 when the ex- 
perimental data are oompared with the predicted 
values of lift coefficient using the potential flow 
and the method of reference 24. Note that for 
amall incidence, the experimental data compare well 
with the predicted potential flow lift. It should 
be noted that at zero angle of attack, the lift 
coefficient for the present experiment hss s small 
negative value which is probably caused by the 
presence of the pod (balance cover) under the 
model. 

As the angle of attack increases, the ex- 
perimental data deviates from thst predicted by the 
potential theory. Deviation of the measured dats 
from the potential theory indicates that additional 
lift is generated by the delta wing model. This 
additional lift is produced due to the development 
of a pair of vortices emanating from the wing 
leading edge proceeding downstream. These vortices 
are called 'fully developed' [23] when they reach 
the wing trailing edge. In reference 24. a method 
for calculating this vortex lift for a no camber, 
no twist, thin, and sharp lsadiag-adge wing haa 
been developed. The predicted reaults for the 
present model are plotted on figure 8. The ex- 
perimental results are in good agreement with 
Polhamus* theory of reference 24. The discrepancy 
la probably doe to the small leading edge radius of 
the present model and the balance pod. Large 
deviation between the experimental and theoretical 
values above an inoidenoe of 28 degrees ars caused 
by the bursting phenomenon which was mot considered 
in the theory of reference 24. Good agreement waa 
achieved when the present results were compared 
with the experimental data by feats [9] and Hummel 
[ 10 ] . 

Figure 9 shows the effect of Reynolds number 
•m drag coefficient. The present results are in 
excellent agreement when compared with the ex- 
perimental reaulta of reference 10. From figure 9 
it appears that drag is less dependent on Reynolds 
number than is lift. However, increasing the 
Reynolds number will cause a slight decresse in 
drag which is due to the corresponding reduction of 
lift. 

Figure 10 shows the static longitudinal pitch- 
ing moment development with increasing sngle of 
attack at various Reynolds numbsrs. At zero angle 
of attack, the presence of the slight (nose up) 
pitching moment shown in figure 10 is probably the 
result of the negative normal force, shown in 
figure 7 and 8, produced by the balance pod. By 
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increasing the angle of attach, the delta wing 
prodnoee a negative pitching acaent which indicatea 
that the center of preeeure novas aft of the 
referenced point (1/4 wing root chord). For anglae 
leea than the critical angle, the angle of attach 
at which the vortex bnrst point crosses the trail- 
ing edge, C has an alaost constant negative 
■ # o 

valae. However, when the angle of attach is sig- 
nificantly larger than the critical valne, C 

becoaes positive, dne to a redaction in the nose 
down pitching aoaent. As the vortex bnrst point 

progresses forward. C changes sign dne to the 
■# ® 

loss of lift on the rear portion of the wing 
[10,11], Increasing the Reynolds nuaber also 
redness the nose down pitching aoaent. bnt the 

slope of C does not change significantly. 

■i a 

Sideslip effect : The effeet of asyaaetrical vortex 
bursting on the static lateral and longitudinal 
forces and aoaents characteristics were inves- 
tigated by variation of the sideslip angle froa 0 
to +15 degrees in iaereaents of 5 degrees. The 
aodel was set to the desired sideslip and the angle 
of attach was varied froa 0 to 53 degrees. All 
runs were aade at a root chord Reynolds nuaber of 
1.64 Billion. 

Figure 11 shows the resulting noraal force 
coefficient at sideslip angles of 5, 10, and IS 
degrees, versus angle of attach. Also for coa- 
parison. the data for zero sideslip angle are 
presented. An obvious effect of sideslip angle is 
the reduction of noraal force. However, increasing 
the sideslip angle also shifts the aaxiaua noraal 
force to a higher angle of attach, and produce a an 
abrupt stall due to an increase in the effective 
sweep of the leeward wing. As a result of the 
sideslip angle, asyaaetrical vortex bursting occnrs 
over the wing surface. This phenoaena it clear for 
the sideslip angles of 10 and 15 degrees of shown 
in figure 11. Here the variation of C u with 

Hi ft 

alpha has a local ainiaa, when the windward vortex 
burst point retches the trailing edge of the wing, 
before the stall angle is reached. For the other 
longitudinal forces and aoaents the effeet of 
sideslip angle variation is tiailar. 

Figure 12 shows static variation of the roll- 
ing aoaent coefficient with angle of attach at 
several sideslip angles. It is evident that at 
xero eideelip, the rolling aoaent coefficient is 
not zero. This slight variation is possibly dne to 
slight a sy aae try in the aodel, or perhaps a aaall 
sideslip angle caused by aisslignaent of the aodel 
in the airetreaa. At non-zero sideslip angle the 
effective sweep in the windward wing decreases (A “ 
70-0) while the sweep of the leeward wing iuereasaa 
(A - 70+0). As a result, the vortex burst point 
crosses the windward wing trailing edge at a lover 
incidence than it does for the leeward wing, asya- 
aetricsl vortex bursting. 

Figure 12 shows a negative rolling aoaent 
initially at 15 degrees sideslip. The absolute 
value of the rolling aoaent coefficient increases 
up to an incidence of about 17-18 degrees. This 
angle of attach coincides with the data which 

indicate that bursting had reached the windward 
wing trailing edge. Further lnorease of the in- 
cidence is followed by the reduction in absolute 
value of the rolling aoaent until the bursting 
reaches the windward wing apex which creates an 
inflexion region in the noraal force (alpha ■ 25-29 


deg) . This inflexion region is evident by exaain- 
ing the variation of the gradient of the rolling 
aoaent with angle of attaoh, C, , where the 

gradient drops aarhedly. At an incidence of about 
34 degrees, the rolling aoaent reverses again. 
Interestingly enough, this once aore agrees with 
the reduction of the gradient of the noraal force. 
This tiae the change in the rolling aoaent cor- 
responds to the vortex burst point crossing the 
leeward wing trail ing-edge . The rolling aoaent 
reaches a second local aaxiaua absolute value at an 
iaeidanee of about 43-45 degrees where ^ changes 

sign as a result of the loss of lift caused by the 
vortex buret point reaching the leeward wing apex. 
The vortex inception angles fox both leeward and 
windward wing coaparea well with the results of 
references 8 and 26. 

Pnait Tmj 

Dynsaic testa were perforaed by sinusoidally 
oscillating the aodel froa 0 to 55 and back to zero 
degrees angle of attack. Data for each cycle are 
taken at a frequency of 100-1000 Hz and up to 1000 
data points are collected. 

Substantial aaxiaua force and aoaent over- 
shoots, delay in stall angle of sttack, and large 
hysteresis between increasing and decreasing angle 
of sttack axe seen for even the saallest frequency 
tested, .2 Hz. During the upward notion, the 
vortex buret point crosses the trailing edge et a 
higher angle of attack than it does in the static 
ease, which results in higher forces and acaents, 
and then, during downward notion, the flow reasins 
separated until angles of attack below static 
stall, creating a hysteresis loop. Coaparisons 
with the static forces and aoaents show that during 
downatroke notion, the static values are higher 
than the dynaaic values for all the reduced fre- 
quencies tested. Variation of the pitch rate had a 
great influence on the flow characteristics over 
the aodel. As a result of these changes in the 
flow structure, the deviation between the dynaaic 
and static forces and aoaents vary, and so do the 
width of the hysteresis loops. 

In the experiaent reported herein, the 
aerodynaaic forces and aoaents of the 70-degree 
sharp leading-edge delta wing at various Reynolds 
nuabera, reduced frequencies, and sideslip angles 
are presented. Coaparisons between static and 
dynaaic results, where applicable, are aade. 
Finally, variation of the static and dynaaic noraal 
force of both aodels with angle of attack are 
eoapared. 

Reynolds nuaber effeet : Dynaaic variation of noraal 
force with angle of attaok for Reynolds nuabers of 

1*10* to 1.97*10* and a reduced frequency of .074 
is shown in figure 13. Reduced frequency was kept 
constant by varying the oscillation frequency with 
tunnel speed. Also, as a eoapariaon static values 

for a Reynolds nuaber of 1*10* are shown on the 
plot. As in the statio case, increasing Reynolds 
nuaber seeas to proaote the vortex bursting which 
results in the reduction of the noraal force. The 
angle of attack at which the reduction of the 
gradient, Cg # , begins, is an Indication of the 

vortex buret point crossing the trailing edge. The 
vortex buret point reaches the trailing edge et 
sasller angles of atteek as Reynolds nuaber is 
increased. This bursting will decrease the upper 
surface suction considerably, and as a result the 
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(lop* of tli* tk* noraal fore* cm* will drop 
aarkedly ti the aa(l* of attack is iDor*as*d fur- 
th«r. Also, froa figor* 13. it is cl*ar that tk* 

dynaaie data for Reynolds nuaber of 1*10® skews a 
substantial aaxiana noraal fore* overshoot, aad 
daisy in stall angl* of attack wken coapared witk 
tk* static data of tk* san* Reynolds nuaber. For 
othsr Reynolds nnabers tk* tr*nd b*tw**n dynaaie 
and static noraal fore* ar* tk* saa*. Tk* 
relationship of tk*s* changes b*tw«*n dynaaie and 
static data along witk tk* larg* hysteresis loop 
b*tw**n upward and downward notion will b* dis- 
cussed in a later section. 

Figure 14 shows tk* dynaaie variation of tk* 
lift coefficient witk angl* of attack for tk* 
afor*a*ntion*d Reynolds nuabers and is coapared 
witk tk* static data for a Reynolds nuabar of 

1*10® . Again tk* affect of Reynolds nuabar is 
clearly evident. Substantial increase in lift 
coefficient for dynaaie css* is observed when 
coapared to tk* static ease at tk* saa* Reynolds 
number. Coaparison of tk* static and dynaaie lift 
coefficient for other Reynolds nuabers show tk* 
saae tread. 

Ike drag performance of the three dlaensioaal 
delta wing undergoing sinusoidal pitch oscillation 
at various Reynolds nuabers aad constant reduced 
frequency is coapared with the static case at a 

Reynolds nuaber of 1*10® in figure 13. The in- 
crease in drag force at high a for the dynaaie oase 
is evident in coaparison with tk* static case. 
This is not surprising since the dynaaie noraal 
force shows tk* saa* trend. Tk* saa* results ar* 
obtained when coaparing tk* static and dynaaie drag 
forces for other Reynolds nuabers. There is soae 
decrease in drag for increasing Reynolds nuaber 
which is aost probably due to tk* reduction in tk* 
lift (fig. 14). Also, ths angl* of attack at which 
the aaxiana value of the drag is found is independ- 
ent of the Reynolds nuaber. 

Figure 16 shows the developaent of tk* pitch- 
ing aaaent coefficient with angl* of attack for tk* 
three Reynolds nuabers aentioned and at a fixed 
reduced frequency. Again, as a coaparison. the 

static data of Reynolds nuaber of 1*10° is 
presented. Ik* dependency of tk* pitching aoaent 
on Reynolds nuaber variations is evident. Higher 
Reynolds nuaber proaotes bursting, which will alter 

the variation of tk* C witk angl* of attack. 

a, a 

Ultimately, at higher incidence, C will change 

■ • © 

sign. Froa figure 16 it is clear that as the 
Reynolds nuaber increases, the onset of deviation 

of C witk the angl* of attack oceurs at a lower 
a, u 

incidence. This observation coincides with those 
of tk* noraal force, explained previoualy. Tk* 
reduction in noraal force due to tk* forward 
progression of the vortex burst point on tk* wing 
lessens the nos* down pitching aoaent. 

Effgst 9t .rtdBfd lrfamny: As aentioned pre- 
viously, reduced frequency has a substantial 
influence on the coaplicated three diaensioual flow 
over tk* oscillating aodel. In order to thoroughly 
investigate these effeots. the sharp leading-edge 
delta wing aodel was sinusoidally oscillated in 
pitch at various reduced frequencies (k“ .015- 
.403). In the following sections tk* results for a 

6 

root chord Reynolds nuaber of 1.64*10 and reduced 
frequencies of k* .03 to .165 will be presented. 


Figure 17 presents tk* noraal force coeffi- 
cient versus angle of attack for tk* previously 
aentioned reduoed frequencies. Static data are 
alao plotted as a baaeline. For !• .03. the value 
of C u atarta to deereaa* at an angl* of about 30 

degrees, while for tk* static ease, this oocurs at 
an angl* of about 23 degrees. This is an indica- 
tion of tk* delay in separation and vortex bursting 
during the dynaaie upward notion. Then the vortex 
burst point crosses tk* trailing edge, further 
increase in tk* inoidene* results in the vortex 
bnrst point aoving onto tk* wing, thus reducing 
vortex lift contribution to the noraal force. As 
tk* reduced frequency is increased, tk* flow lag 
effect increases and results in tk* higher aaxiana 
Cg values (fig. 17) . 

In tk* downstrok* notion, the flow starts 
reattaching froa tk* wing apex aad progresses 
toward tk* trailing edge. During the downward 
notion for tk* K - .03 data, the variation of C u 

FI# © 

with alpha drops froa a larg* positive value to its 

aaxiana negative value at an angl* of about 42 

degrees. This probably indicates that tk* flow 

reaains separated until an angl* of 42 degrees in 

downward notion. Froa her* on. tk* leading edge 

vortices start attacking to tk* snetlon side froa 

tk* wing leading edge and proceeds back to the 

trailing edge. At an angl* of about 23-25 degrees 

C„ reaches tk* saa* value as it had in the 
N • © 

upstroke motion. Ikes* differences in C. between 

a, s 

upstroke and downstrok* notion ar* caused by the 
flow lag effect which creates tk* hysteresis loop. 
At higher reduced frequency, tk* effect of the flow 
1>| is more pronounced and produces a wider hys- 
teresis loop (fig. 17). 

The dynamic variation of tk* lift coefficient 
with angle of attack for various reduced fre- 
quencies is shown in figure 18. Coaparison of the 
dynamic data with the static ease at the sane 
Reynold* nuaber clearly shows increase in aaxlaua 
lift aad delayed separation for all eases reported. 
Increasing tk* pitch rat* has a significant in- 
fluence on tk* dynaaie stall angl*. Maxiaua lift 
overshoot did not vary significantly with reduced 
frequency in contrast to tk* noraal force data. 
This is probably due to tk* increase in axial force 
at higher reduced frequency. 

Figure 19 shows tk* effect of reduced fre- 
quency on drag coefficient during larg* aaplitud* 
sinusoidal notions. A Buck higher drag is evident 
at high angle of attack for tk* pitek-up notion 
coapared with tk* static ease. Thil* on the 
downstrok* notion, tk* hysteresis in the dynaaie 
drag curve shows substantial reduction in drag when 
coapared to tk* static data. These variations in 
drag during up and down motions ar* probably due to 
tk* variations of tk* noraal force discussed pre- 
viously. The influeno* of pitch rat* on tk* 
character of drag force hysteresis loop and its 
magnitude is apparent. 

Dynaaie variation of drag due to lift at 
various reduced frequencies is shown in figure 20. 
As explained earlier, not* that increasing the 
reduced frequency will slightly increase the asxi- 
aua lift overshoot, sad sore drag is produced. 
However, the increase in drag is aor* pronounced. 

Figure 21 shows the corresponding pitching 
aoaent data of tk* aodel for both tk* static and 
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dynaaic eases. Again, the inflnanca of radnead 
frequency on the pitching aoaant hyataraaia loop 
and it» aagnitnda it apparent. As tha bnrat point 
croatat tha trailing edge, tha onaat of deviation 
of aoraal force with alpha redneat the aagnitnda of 

C . Ultiaately increasing the incidence ratal ta 

® ® 

in tha lota of lift, and a change in tha sign of 
C Daring pitch np notion a anch larger naga- 

tive pitching aoaant it evident coaparad to tha 
atatic valna dne to delay of vortex bursting, while 
on tha downward notion tha dynaaic pitching aoaant 
hat a substantially saaller negative valna dna to 
delay reattachaent. 

Sidaalin affect : At in the atatic ease, tha affect 
of aidaalip variation on the aarodynaaic forces and 
aoaents of tha nodal were investigated by aannally 
setting tha aodal to tha desired sideslip angle 
(+15 degrees in inoreaent of 5 degrees). The nodal 
was then oscillated sinusoidally at various reduced 
frequencies. In the following sections, lon- 
gitudinal and lateral force and aoaent data at 
sideslip angles of 0 to IS degrees and at a con- 
stant reduced frequency will be exaained first. 
Doe to the syaaetry in the data, negative vslnes 
for the sideslip will not be diacoased. However, 
to ahov the syaaetry in the results, the values of 
the rolling aoaent coefficient for -15 degrees 
aidealip will be presented. The effect of reduced 
frequency on the nodel forces and aoaents vith non- 
zero sideslip angle will be considered later. The 
following data are all at a constant root chord 

Eeynolda nnaber of 1.64*10*. 

Dynaaic lift and nornal force coefficient 
curves at sideslip angles of 0, 5, 10, and 15 
degrees and k-.043 are shown in figures 22 and 23. 
As in the atatic case, the ianediate effect of 
aidealip at aoderate to high alpha is a substantial 
reduction in the nornal force. Froa figure 23, 
note that the onset of deviation »( # vith angle 

of attack for a aidealip of 15 degrees occurs at an 
angle of about 19 degrees, while for the static 
case this happened at an incidence of 17 degrees, a 
result of the reduced frequency. By further in- 
creating the incidence, the vortex burst point on 
the windward wing, vith 55 degree sweep, will aove 
upatreaa. at an angle of about 35 degrees Cg Q ha» a 

local ainina at shown in figure 23. This indicates 
that the windward vortex burst point has reached 
the apex of the wing. However, aa the angle of 
attack is inoreaaed further, the leeward vortex 
burst point crosses the trailing edge, redneing 
C u once again. Froa figure 23, note that aa the 

rip a 

sideslip angle ineraaaea. dynaaic stall occurs at a 
higher angle, a phenoaenon also observed in the 
atatic ease. 

Figures 24 and 25 show the dynaaic variation 
of the drag force and pitching aoaent of the 70- 
degree sharp leading-edge delta wing at the reduced 
frequency of X s . 043 and the aforeaentioned aidealip 
angles. Increasing aidealip angle reduces both 
drag and pitching aoaent. The engle at which # 

has a local ainiaua before reaching the stall 
incidence it clearly seen froa both figures for 
aidealip eagles of 10 and 15 degrees. This discon- 
tinuity is caused by the asyaaetrical vortex 
bursting on the wing at non-zero sideslip angles. 

The coaplez variation of the rolling aoaent 
coefficient with angle of attack at various 


sideslip angles, and for a constant raduced fre- 
quency of K».043, is shown in figure 26. 
Hysteresis loops in the rolling aoaent coefficient 
during upward and downward notion are evident. The 
draaatic behavior of the rolling aoaent with angle 
of attack for all aidealip angles tested it cauaed 
by asyaaetrical vortex bursting on thawing. In 
upward notion, note that the roll ing aoaent curve 
has two ainiaa for all sideslip angles. The first 
ainina is the result of the vortex burst point 
crossing the windward trailing edge, due to its 
effective sweep reduction. The local aaxinua, 
after the first ainiana, aarka the angle of attack 
where the leeward wing vortex burst point reaches 
the trailing edge of the wing. The second ainina 
corresponds to the leeward vortex burst point 
reaching the vicinity of the wing apex. Except for 
the aagnitude and the location of the naxias and 
ainiaa in the variation of the rolling aoaent vith 
engle of attack, the upstroke variations of the 
rolling aoaent for this low reduced frequency 
correlates vith the static case disonaaed pre- 
viously. For the atatic case, experiaental results 
of refereuce [91 for an 85 degree sweep delta wing 
shows vortex bursting crossing the trailing edge at 
an incidence of about 37 degrees. Here, the vortex 
burst point crosses the leeward wing trailing edge 
at an incidence of about 38 degrees, a good con- 
parison. 

Dynaaic variation of rolling aoaent coeffi- 
cient vith the angle of attack in dovnatroke notion 
is aoaevhat different than the upward notion. Froa 
figure 26, for 15 degree sideslip angle case, note 
that the rolling aoaent coefficient is alaost 
constant for incidences of 55 to about 43 degrees 
during the dovnatroke notion. This phenoaens was 
seen at all sideslip angles. This it probably due 
to the feet that the separated vortices crested in 
upstroke notion reaain separated, even aa alpha is 
decreased, due to the rapid change of the incidence 
[6,17] . Henoe the flow over the wing lags these 
rapid changes. Froa angles of about 33 to 28 
degrees the rolling aoaent increases due to the 
fornation of the leeward wing vortices froa the 
wing apex. As the windward vortex foraa on the 
wing apex, the rolling aoaent coefficient reverses 
once again and its value decreases vith the reduc- 
tion of the angle of attack. At aa incidence of 
about 16 degrees, the rolling aoaent coefficient in 
downward notion has the saae value aa it did in the 
upward aotioa, thus closing the hysteresis loop. 
Dynaaic asyaaetrical vortex bursting for -15 de- 
grees sideslip dearly shows the saae effect and is 
alaost ayaaetric with the sideslip angle of 15 
degrees. 

Figures 27 and 28 show the variation of the 
noraal force and lift coefficient vith angle of 
attack at IS degrees aidealip angle and reduced 
frequencies ranging froa I*. 03 to K-.165 and are 
eoapared vith the static data at the saae sideslip 
angle. Substantial increases in the aaxinua forces 
due to the oscillation are evident and are a strong 
function of the reduced frequency. However, in 
oontrast to the zero aidealip cate the aaxinua 
value of the lift coefficient is seen here to be a 
stronger funotion of the reduced frequency. For 
all the reduced frequencies reported, the local 

ainiaa in the slope of (L. and C. versus alpha 

L<a 

occur at higher angle of attack aa the reduced 
frequency ia increased. As aentioned previously, 
this local ainiaa in the slope indicates that the 
windward vortex burst point has reached the wing 
apex. Delay in dynaaic stall vith increasing 
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reduced frequency it iTidtit froa fignre 28. 

Figure 29 shows the effect of reduced fre- 
quency on rolling aoaent coefficient nt 15 de greet 
sideslip angle. The coeplei behavior of the 
dynaaie rolling aoaent was dae to flow lags, at 
ditcntaed previously. The aagnitnde of the rolling 
aoaent in upward aotion increases with the increase 
in pitch rate, while in downstroke aotion. the 
trend it different. Again, as the reduced fre- 
quency increases, the hysteresis loop widens. 
Also, in downstroke notion froa the aaziaua in- 
cidence, the variation of the rolling aoaent 
coefficient with angle of attack reaains constant 
for a wider range of angles of attack at the 
rednced frequency increases. This is clear in 
figure 29 for a reduced frequency of .155 in which 
the rolling aoaent coefficient is alaost constant 
froa incidence of about 4S degrees to about 22 
degrees which indicates that the effect of flow lag 
has becoae aore pronounced. 

Elf98t. iLimlm 

Up to this point all the data presented has 
been for the delta wing alone aodel. Coaparison of 
the noraal force perforaance of both the delta wing 
and delta wing with fuselage aodelt for static and 
dynaaie cases are shown in figure 30. It is evi- 
dent that delta wing alone produoes aore noraal 
force for both the static and dynaaie cates. 
However, it appesrt that dynaaie stall reaains at 
alaost the taae angle of attack for both aodels. 
Dynaaie results show that for the saae reduced 
frequency, the width of the hysteresis loop for 
both aodels differs. At a reduced frequency of 
.058. the delta wing hat a wider hysteresis loop 
than the delta wing with fuselage. 
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IV. SUMMARY AND CONCLUSION 

An extensive experiaental prograa was con- 
ducted at the OSU/AARL to investigate the coaplex 
flow aechanisas on a delta wing undergoing large 
aaplitude pitching oscillation. Two aodels were 
used to perfora the experiaents. Aerodynanic 
forces and aonents at both static and dynaaie 
conditions, and at various Reynolds nuabers, were 
neasured using a six coaponant internal strain 
gauge balance. Also, to investigate ssynaetrical 
vortex bursting and its effects on the aerodynaalc 
loads, tests with sideslip angles of 0 to +15 
degrees were conducted. Pitching notion was 
produced by sinusoidally oscillating the aodel 
between 0 and 55 degrees angle of attack at various 
reduced frequencies. Good results were obtained 
when the present static data were eoapared with 
previous findings. Also, the data coapares well to 
Polhaaus' leading edge suction analogy for predict- 
ing the lift coefficient at incidence below the 
critical angle. 

The following observations suaaarixe the 
results of this experiaentsl prograa: 

1) Dynaaie forces and noaents show a sig- 
nificant overshoot at all the reduced frequencies 
exaained when eoapared to the static data and are 
strong functions of the pitch rate. Static stall 
occurs at a saaller angle of attack 


than the dynaaie one. which is a result of flow 
lags in the vortex burst progression over the 
auction side of the aodel. 

2) Even at the lowest frequency tested, 
F».2 Ht, a hyateraaia loop betwean increasing and 
decreasing angle of attack is observed in the force 
data. Increasing the pitch rate resulted in larger 
forces and aonents in the upstroke notion. 
However, in downward notion, the flow reaains 
separated until angles well below stall, hence the 
hysteresis loop widens. 

3) Both dynaaie and static data show a change 
due to the Reynolds nuaber variations. As reported 
by other researchers, increasing Reynolds nuaber 
will enhance the vortex inception angle, thus 
resulting in lower valnes of the forces and ao- 
aents. These effects were clearly detected in the 
experiaental data. 

4) Non-xaro aideallp angla reaulted in asya- 
aetrieal vortex bnrating over the aodel which was 
obvious froa the variation of the rolling aoaent 
coefficient with angle of attack. At all non-xaro 
aideallp anglaa teated, a reaarkable drop in all of 
the aerodynaalc forcea and aoaents at both static 
and dynaaie oonditiona were observed. The rolling 
aoaent curve varied in a coaplex way with the angle 
of attack at non-xero aideslip angles. This varia- 
tion along with thoae of other forcea and aoaents 
eoapared well with the previous data obtained by 
other researchera for the static caae. Variation 
of sldaslip angle also verifies the fact that wing 
aweap angle hae a substantial influence on the 
vortex inception angle. 

5) Variatloaa of rolling aoaent with angle of 
attack at all aideallp anglea tested, is again, a 
atrong function of the rednced frequency. Absolute 
valnes of the rolling aoaent inorease with increas- 
ing pitch rate. For E-.155, it was clearly seen 
that in downstroke aotion, rolling aoaent reaained 
alaost constant for a wide range of incidence, 
indicating the flow reaained separated below static 
stall angle of attack. 

Although the present work was perforaed on a 
staple delta wing aodel using a staple sinusoidal 
oscillation, the results obtained show significant 
differences between the dynaaie and static 
aerodynaalc characteristics which will have strong 
Influence on a high perforaance aircraft's 
asneuverability. Thus far, the experiaentsl aethod 
has baen established, and now a aore thorough 
investigation of the character of the dynaaie. 
coaplex, three-diaensioaal flow field over dif- 
ferent aodels with different wing geoaetriee under 
various notion is possible. Futnre tests will 
exaaine detailed flow visualisation results. Also, 
aerodynaalc forces and aoaents at a aore realistic 
flight profile will be studied. These investiga- 
tions along with those of other researchers 
hopefully will provide a detailed understanding of 
the flow structure sad its inflnence on the 
aerodynanic properties of superaaneuversble 
aircraft. 
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FIGURE 2. THE DELTA WINS MODEL. 




FIGURE 1. DELTA WING WITH FUSELAGE MODEL. 


FIGURE 3. MODEL OSCILLATION SYSTEM. 



FIGURE 4 . MEASURED VARIATION OF THE ANGLE OF 
ATTACK WITH TUB. 
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FIGURE 5 . EXPERIMENTAL SET-UP. 



FIGURE 6. COMPARISON OF THE FILTERED AND 
UNFILTERED DATA. 



FIGURE 8. EFFECT OF REYNOLDS NUMBER ON STATIC 
LIFT COEFFICIENT AND COMPARISON TO 
OTHER EXPERIMENTS AND THEORY <0 - 0) . 
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FIGURE 9. EFFECT OF REYNOLDS NUMBER ON STATIC 
DRAG COEFFICIENT ( 0 - 0 ) . 
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FIGURE 7. EFFECT OF REYNOLDS NUMBER ON STATIC 
NORMAL FORCE COEFFICIENT { 0 - 0> . 


FIGURE 10. EFFECT OF REYNOLDS NUMBER ON STATIC 
PITCHING MOMENT COEFFICIENT ( 0 - 0 ) . 
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FIGURE 11. EFFECT OF SIDESLIP ON STATIC NOKMAL 
FORCE COEFFICIENT. 
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FIGURE 12. EFFECT OF SIDESLIP ON STATIC ROLLING 
MOMENT COEFFICIENT. 
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4. EFFECT OF KETNOLDS NUMBER ON DYNAMIC 
LIFT COEFFICIENT ( K - .074 ) . 
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. EFFECT OF REYNOLDS NUMBER ON DYNAMIC 
DRAG COEFFICIENT ( l - .074 ). 
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FIGURE 1< . EFFECT OF REYNOLDS NUMBER ON DYNAMIC 
PITCHING MOMENT COEFFICIENT (K >.074 ). 
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FIGURE 17. EFFECT OF REDUCED FREQUENCY ON NORMAL 
FORCE ( R # - 1.64 *10 6 . ( * 0 d#| ). 
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FIGURE 20. EFFECT OF REDUCED FREQUENCY ON DRAG DUE 
TO LIFT ( R # - 1.64 ‘lO 6 . p - 0 d«( ). 
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FIGURE 19. EFFECT OF REDUCED FREQUENCY ON DRAG 
( R - 1.64 *10 6 . B - 0 dai ). 


FIGURE 22. EFFECT OF SIDESLIP ON DYNAMIC LIFT 
COEFFICIENT ( K - .043 ) . 
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INTRODUCTION 


• OBJECTIVE 

TO BETTER UNDERSTAND THE FLOW FIELD AND THE RESULTING FORCES 
AND MOMENTS ON DELTA WINGS AND OTHER THREE-DIMENSIONAL HIGH 
PERFORMANCE AIRCRAFT CONFIGURATIONS UNDER DYNAMIC* HIGH 
ANGLE OF ATTACK ENVIRONMENTS. 


• CURRENT APPROACH 

USE EXPERIMENTAL MEASUREMENTS OF FORCES AND MQMENTS AS WELL 
AS FLOW VISUALIZATION TO STUDY THE FLOW ABOUT A DELTA WING 
OSCILLATING IN PITCH ( * + f ) IN SUBSONIC FLOW. 
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OUTLINE 

• INTRODUCTION 

• DELTA WING MODELS* OSCILLATION SYSTEM AND THE WIND TUNNEL 

• DATA ACQUISITION AND REDUCTION 

• FORCE DATA, WITH AND WITHOUT FUSELAGE, f • 0 

• FORCE DATA, WITHOUT FUSELAGE, ^ - -15 TO 15 DEGREES 

• FLOW VISUALIZATION 





MODELS, OSCILLATION SYSTEM AND TUNNEL 


• 70-DEGREE DELTA WING MODELS: 

MODEL WITH FUSELAGE - "LOW WING", CYNINDRICAL FUSELAGE, ALL 

COMPOSITE, b - 12 inches 

MODEL WITHOUT FUSELAGE - BALANCE POD ON LOWER SURFACE, 

PLYWOOD, b ■ 15 inches 


• OSCILLATION SYSTEM: 

CAM DRIVEN - AOA- 0 TO 55 DEG, F« 0 TO 2.5 HZ 
CURRENT CAM - SINUSOIDAL AOA 


• TUNNEL: 

TEST SECTION - 3X5X8 FEET 

SPEED - 0 TO 200 FT/SEC 

TURBULENCE - 0.15 PERCENT 





OSCILLATING SYSTEM 
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DELTA WING MODEL 
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DATA ACQUISITION 


• IBM PC/XT WITH DATA TRANSLATION 12-BIT, 16-CHANNEL A TO D , 

• SIX-COMPONENT, INTERNAL STRAIN GAUGE BALANCE SUPPLIED BY NASA 
LANGLEY 

• SAMPLING 11 CHANELS AT 600 TO 1000 HZ 

6 BALANCE CHANNELS 
2 TUNNEL SPEED TRANSDUCERS 
1 HOT WIRE FOR TUNNEL SPEED 



2 ANGLE OF ATTACK POTENTIOMETERS 




DATA REDUCTION 


• DATA CORRECTIONS - NEW SET TAKEN BEFORE EACH SERIES OF RONS 

BALANCE ZEROS 

GRAVITY TARES VS AOA 
model and balance 

DYNAMIC TARES VS AOA ( OR THE INSTANTANEOUS DERIVATIVES) 
model and balance 

i 

• COORDINATE SYSTEMS 

LONGITUDINAL FORCES AND MOMENTS - WIND AXIS SYSTEM 
LATERAL FORCES AND MOMENTS - BODY AXIS SYSTEM 


• NEAR REAL TIME REDUCTION ON THE IBM PC/XT 

TABULATED AND PLOTTED Cy,C A ,C M | Cy,C v ,Cj VS AOA OR t 


• POST PROCESSOR ON THE HARRIS H800 

ALL DATA STORED IN DIRECT ACCESS FILES 
MAKES COMPOSITE PLOTS 

FUTURE PLANS - DIGITAL FILTERING, ENSEMBLE AVERAGING AND 
STABILITY DERIVATIVES 
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AERODYNAMIC LOADS NHEN MODEL IS OSCILLATING (TUNNEL ON) 

(0O, HOO 


ALPHA (deg) 

SIDESLIP ANBLE 
VEl Ht/seclTR CL 

« -15 deg 
Cd 

Ca 

Cy 

Cn Cl 


.1354434 

143.9661 

-3.4B3437E-62 

.1133796 

5.5486B2E-82 

-2.812392E-82 

-5.88823E-83 2.185E99E-83 


-8.153766E-B2 

143.8422 

-3.436278E-62 

.1188125 

5.993446E-02 

-3.396887E-82 

-B.963333E-B3 3.84:3558-84 


-.IB98981 

143.6146 

-3.737197E-B2 

.1198758 

5.914679E-B2 

-3.B24516E-62 

-1.19B163E-B2 1.135126E-B3 


.8612731 

146.2931 

-4.4263B5E-82 

.1115959 

5.342422E-82 

-.8428694 

-1.698589E-02 1.949487E-03 


.768418 

146.6251 

3. 158 7 26E-03 

.1895359 

3.276822E-82 

-3.361B63E-82 

-1.415837E-82 5.3B8335E-03 


1.587414 

147.1373 

1.1 3707 AF-I? 

.(113677 

2.723763E-82 

-2.61751BE-62 

-8.688174E-83 1.812778E-02 


2.99918 

146.1313 

6.2581B2E-I2 

.112831 

-1.932267E-83 

-2.271847E-82 

-5.331513E-B3 1.733243E-82 


4.497184 

144.247 

.1239892 

.1179576 

-3.448476E-82 

-7.988621E-83 

2.185«64E-B3 2.552B73E-62 


4.732585 

142.654 

.2632192 

.134554 

-7.491661E-82 

8.872466E-83 

1.075885E-62 3.968542E-62 


8.959372 

145.3184 

.2769486 

.1548883 

-.1137859 

1.592672E-82 

1 . 6086 1 7E-02 4.932615E-62 


11.53944 

144.5798 

.3783363 

.1859383 

-.1689788 

1.997294E-82 

1.7S8852E-82 6.023942E-62 


14.44531 

148.2483 

.4293487 

.2154184 

-.1884184 

.8382317 

,6238585 6.473683E-02 


17.29838 

146.3497 

.5346755 

.2934529 

-.2413338 

4.858765E-82 

2.577554E-82 7.33U58E-82 


28.4171 

145.9472 

.6379846 

.3443217 

-.2845988 

.8545329 

2.583864E-02 7.577078E-82 


23.42112 

144.8827 

.7455131 

.4375195 

-.3455365 

6.S44694E-82 

3.017559E-82 8.1I4224E-82 


, 24.89184 

143.1437 

.8472295 

.5488912 

-.4861768 

7.S63936E-B2 

3.521656E-82 8.812974E-82 


38.14215 

143.4882 

.8997274 

.6558625 

-.4513981 

6.7B1364E-82 

3. 386159E-B2 7.582455E-B2 


33.48844 

145.9863 

.916613 

.7324557 

-.4073946 

6.269388E-82 

3.147332E-82 7.118222E-82 


34.48435 

145.9844 

.912267 

.8181813 

-.5146381 

S.896973E-82 

3.031752E-B2 6.21639BE-82 


39.45454 

145.1113 

.9127143 

.9899162 

-.5597655 

4.583272E-82 

2.664546E-B2 5.629415E-82 


42.28593 

144.848 

.8883981 

.9912619 

-.5928835 

2.268819E-62 

2.339614E-B2 5.1B1385E-B2 


44.85987 

142.8556 

.8788834 

1.878746 

-.6423388 

2. 78B844E-62 

2.994439E-62 5.552296E-02 


47. 85327 

141.7413 

.8651174 

1.151168 

-.6812972 

2.748485E-82 

2.833745E-62 5.977152E-02 


49.14554 

143.6458 

.8152499 

1.168667 

-.6812134 

.8193182 

2.167664E-82 6.6I4223E-02 


56.98481 

145.5474 

.7176298 

1.189713 

-.6274848 

1.S56895E-82 

1.795758E-82 6.8256138-82 


52.48899 

144.4761 

.7247847 

1.186267 

-.6666684 

3.876651E-82 

2.6B1218E-82 6.859157E-B2 


53.47485 

143.8314 

.67622B6 

1.182399 

-.653174 

3.386585E-82 

3. 19471 IE-82 6.23397BE-82 


54.45257 

143.6441 

.6332114 

1.171657 

-.6364929 

2.88173 5E-I2 

3.854636E-02 5.568375C-02 


55.28478 

142.147 

.596757 

1.165112 

-.6384479 

3.842369E-82 

3. 186959E-82 5.463621E-02 


55.39655 

142.3184 

.5B82874 

1.127885 

-.6189911 

2.133988E-82 

2.28E637E-62 4.622995E-82 


55.42782 

142.6176 

.5546826 

1.191314 

-.5876691 

2.31797BE-82 

2.469631E-B2 4.726467E-02 


54.72574 

142.6941 

.5364198 

1.842869 

-.5591239 

2. 28233 3E -82 

2.649957E-02 4.176087E-82 


53.9434 

142.7867 

.5124252 

.9962466 

-.5313655 

.8330778 

.6326639 3.999439E-B2 


52.94819 

143. 3788 

.5639913 

.9584249 

-.5888673 

2.2B8747E-02 

.8266021 3.390B65E-82 

_ 

51.44487 

142.3662 

.5154977 

.9286358 

-.4989392 

.8238564 

.8265772 3.62B5B7E-02 


49.86284 

142.767 

.516935 

.864681 

-.4556088 

2.424481E-02 

2.565953E-82 3.321725E-B2 


47.85871 

143.5653 

.589985 

.886326 

-.4284813 

2.336991E— 82 

2.7338S1E-82 .8386895 


45.76222 

142.1786 

.5137648 

.7683639 

-.3984672 

1.868386E-B2 

.025583 ’ 4704R7F-47 

— 

43.32151 

143.1221 

.4916275 

.6987354 

-.358339 

3.B71689E-B3 

1.636793E-I T • H • E 


41.86562 

143.1948 

.4916847 

.6399583 

-.332663 

.0123519 
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38.65629 

144.222 

.4739683 

.5694484 

-.2939122 

5.693527E-83 


35.84244 

147.6239 

.4819689 

.5793MA 

- 7774581 

7.77235 7E -83 

— 

32.68713 

143.7355 

.4773309 

.4727627 

-.2498183 

-2.941773E-03 

1.B84246E- 1 UNIVERSTHr 


28.98497 

143.6818 

.4616189 

.4231746 

-.2284887 

5.83691EE-83 

1.32383&- 


25.92662 

143.4353 

.4662975 

.3827459 

-.2831891 

-4.239636E-03 

I.127844E-82 1.662376E-02 


22.38723 

143.7164 

.4403533 

.3356777 

-.1771926 

-7.197754E-83 

1.618873E-82 1.448963E-82 


19.9142 

142.5789 

.4136522 

.2965157 

-.1541922 

-3.5B483E-B3 

1.81 163SE-62 .6178732 


16.9922 

143.9914 

.3818641 

.2478961 

-. 1297315 

7.1715B4E-83 

1.2I6671E-02 I.6Z96:6E-02 


14.63631 

144.1246 

.3535627 

.2179003 

-.liaise 

8.967s4’.E-83 

9.6123S3S-I3 3.5166=51-32 
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ONLINE DATA REDUCTION 






J 


RUNS COMPLETED AS OP 30 NOVEMBER 1987 


• FUSELAGE MODEL 

STATIC CASE!* - 0 TO 55 DEG, RE - 1.5X10 6 , ^- 0. 

DYNAMIC CASE:*- 0 TO 55 DEG SINUSOIDAL, RE - 1.5X10^ 
K - 0. TO 0.112, *3 - 0 DEG 


• NO FUSELAGE MODEL: (C - 20.606 IN) 

STATIC CASE:*- 0 TO 55 DEG, RE - 6.55X10^10 1.64X10 6 , f - -15° TO 15® 

DYNAMIC CASE *« 0 TO 55 DEG SINUSOIDAL, RE - 6.55X10^0 

1.64X10*, K - 0.036 TO 0.405, -15 TO 15 DEG 

FLOW VISUALIZATION: STATIC * - 0 TO 55 DEG, RE « 1.64X10* 

- -15 TO 15 DEG 
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— K - 0.0215 
K - 0.0470 

K - 0.0680 

— K - 0.1123 
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COMPARISON OF NORMAL FORCE vs ALPHA ON BOTH MODELS (3*0) 
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UNSTEADY AERODYNAMIC EFFECT ON NORMAL FORCE (3-O) 
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UNSTEADY AERODYNAMIC EFFECT ON PITCHING MOMENT ( 3-0) 
DELTA WING 
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UNSTEADY AERODYNAMIC FORCE ON NORMAL FORCE VARYING SIDESLIP ANGLE 

( K - 0.043 ) 
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UNSTEADY AERODYNAMIC EFFECT ON LIFT VARYING SIDESLIP ANGLE 
( k - O.OA3) 
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CR0LL VS. RLPHR 
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UNSTEADY AERODYNAMIC EFFECT ON NORMAL FORCE (B - 15 deg) 











CD VS. ALPHA 
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UNSTEADY AERODYNAMIC EFFECT ON DRAG ( B - 15 deg) 



CR0LL VS. RLPHR 



UNSTEADY AERODYNAMIC EFFECT ON ROLLING MOMENT (B-15 deg) 












SUMMARY 


• HARDWARE AND SOFTWARE HAVE BEEN DEVELOPED AND TESTED AT OSU TO 
OSCILLATE A HIGH PERFORMANCE AIRCRAFT MODEL IN SUBSONIC FLOW AND 
OBTAIN SIX -COMPONENT BALANCE DATA. 


• DATA SHOW A STRONG INFLUENCE OF PITCH RATE ON FORCES AND MOMENTS 


HYSTERESIS LOOPS ARE SEEN IN ALL OSCILLATING MODEL DATA. 


MODEL OSCILLATION WITH SIDESLIP INTRODUCES NON-LINEAR ASYMMETRIC 
FORCES AND MOMENTS APPARENTLY DUE TO ASYMMETRIC VORTEX BURSTING. 
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ALPHA CDEG) 


COMPARISON OF FILTERED AND UNFILTERED DATA 
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